The cluster classification of provenances at a site in the NE Iberian Peninsula indicated that in the period of extended winter (December to March, DJFM) fast Atlantic air flows correspond to positive WeMO index (WeMOi), while negative WeMOi are associated to Mediterranean circulations. The amount of winter precipitation was inversely correlated with winter WeMOi. Wet deposition fluxes of marine-derived (Na + , Mg 2+ and Cl − ) and anthropogenic-derived (NO
Introduction
The atmospheric dynamics in the west Mediterranean basin are conditioned by complex interactions of climatic and topographic effects that include: 1) the Azores highpressure system, 2) continental thermal lows over the Iberian Peninsula (hereafter IP) and the Sahara, 3) orographic effects of the coastal ranges surrounding the Mediterranean coast, 4) marked seasonal variations in temperature, humidity and rainfall, and 5) the arrival of frequent African dust intrusions (Millán et al., 1997; Rodríguez et al., 2003) . The 4 th Intergovernmental Panel on Climate Change indicated a precipitation increase in high latitudes and a decrease in the Mediterranean area in a future warmer climate (IPCC, 2007) . However, the projected changes in rainfall show a marked latitudinal gradient in the area. Thus, in the southern Mediterranean (including Southern IP) the decline could exceed 20%, while in Catalonia (NE IP) decreases in rainfall of 10-15% on an annual scale are expected (Calbó et al., 2012) . GonzalezHidalgo et al. (2009) indicate that the IP, and particularly its Mediterranean fringe, is an area of confluence of several atmospheric patterns acting synchronically with different intensity and effects on precipitation.
The Western Mediterranean Oscillation (WeMO) climatic variability has been defined within the synoptic framework of the western Mediterranean basin (Martín-Vide and López-Bustins, 2006) . The WeMO index consists of the difference between the standardized surface pressure values recorded at Padua (45.40 • N, 11.48
• E) in northern Italy, an area with a relatively high barometric variability due to the influence of the central European anticyclone, and San Fernando (Cadiz) (36.28 • N, 6.12 • W) in south-western Spain, an area often influenced by the Azores anticyclone (Figure 1 ). This regional barometric pattern has been found to greatly determine the rainfall variability on the eastern side of the Iberian Peninsula (Martín-Vide and López-Bustins, 2006; Gonzalez-Hidalgo et al., 2009) . As in most of the variability patterns of the Northern Hemisphere, WeMO shows its most The atmospheric pollution climate in the NE IP is modulated by mesoscale and local/regional processes, which have been extensively described by Millán et al. (1991 Millán et al. ( , 1997 , Pérez et al. (2008) , Pey et al. (2009 Pey et al. ( , 2010 , Querol et al. (2004) and Salvador et al. (2007) among others. The region is subject to a large load of anthropogenic emissions from the intense activity of large cities such as Marseille, Barcelona and Tarragona, their industrial surroundings, as well as highways of intense traffic. Also natural emissions (from soil dust and marine aerosols) contribute to the aerosol load in the region (Escudero et al., 2006 (Escudero et al., , 2007 Pey et al., 2009; Salvador et al., 2007) . This produces a complex set of interactions with a high degree of secondary aerosol formation and an intensive interaction of gaseous and aerosol components (Pérez et al., 2008; Pey et al., 2009 ). The build up of pollutants is further affected by a marked seasonality. In winter, the frequent entry of relatively clean Atlantic air fluxes induces the replacement of air masses, thus reducing the levels of atmospheric pollutants that may have accumulated during periods of anticyclonic stability (Rodríguez et al., 2003; Escudero et al., 2007) . In contrast, the synoptic scenario in summer is characterized by very weak pressure gradients in the western Mediterranean which produce local circulations enhancing the regional accumulation of pollutants (Millán et al., 1991 (Millán et al., , 1997 Rodríguez et al., 2003) . The frequency of precipitation also has an impact on the levels of atmospheric pollutants.
Aerosols and gases are incorporated in rainwater through the process of rainout (incorporation as cloud condensation nuclei or droplets) or washout (scavenged as rain falls). Therefore the chemical composition of the precipitation is strongly influenced by the predominant atmospheric transport patterns, due to the scavenging of pollutants as clouds cross polluted areas, and to rainfall amounts, in which case there is a dilution, thus decreasing the concentration of components in rain. Rain concentrations reflect both processes and thus provide a chemical signature of the interaction between water droplets and the ambient gases and aerosols (Seinfeld and Pandis, 1998) . Deposition is defined as the process by means of which gases and aerosols are transferred to the ground. The vehicle of transfer can be water (such as rain, mist or snow), in which case the term wet deposition is used (Seinfeld and Pandis, 1998) , but gases and particles can also be deposited in the dry mode, in which case the transfer to the ground is mostly effected through turbulent transfer and gravitational settling (Lovett, 1994) . While dry deposition has been found to play a role in the total deposition amounts in the NE IP (Izquierdo andÀvila, 2012) , here we will deal only with wet deposition.
The WeMO positive phase has been shown to trigger air fluxes from the Atlantic, while its negative phase is associated to flows from the Mediterranean (Martín-Vide and López- Bustins, 2006; López-Bustins et al., 2008) ; therefore, it can be foreseen that part of the chemical variability of precipitation in the NE IP may be related to the WeMO pattern. Despite the well-known relationship between the WeMO pat- We hypothesize here that part of the chemical signature of the rain and/or the wet deposition amounts reaching a site in Catalonia may be influenced by the Mediterranean climatic variability defined by the WeMO index (WeMOi). To check this hypothesis, we analyze the relationship between the WeMOi and the chemical composition of the groupings obtained in the clustering exercise. This is explored for the extended winter (DJFM) period, when WeMOi has a stronger effect on precipitation (Martín-Vide and López-Bustins, 2006) using precipitation chemistry data from a locality in Catalonia.
Material and methods

La Castanya station (LC, 41
• 46N, 2 • 21E, 700 m a.s.l.) is located in the Montseny mountains, which are part of the Pre-litoral Catalan Range. The site is in the middle of extensive holm-oak (Quercus ilex L.) forests in the Montseny Natural Park, 40 km to the N-NE of Barcelona and 25 km from the Mediterranean coast (Figure 2) .
Weekly precipitation samples were collected for chemical analysis with 2 bulk deposition collectors (consisting of a polyethylene funnel connected to a 10-l bottle) located in a clearing within the holm oak forest. Further details can be found in Izquierdo andÀvila (2012) and . Samples were processed in the CREAF laboratory according to previously described protocols (Àvila, 1996; Avila and Rodà, 2012) . Conductivity, alkalinity and pH were measured in unfiltered samples within 48 hr of sampling. Samples were filtered through 0.45 µm membrane filters and stored at -20
• C. Ion chromatography was used to determine the concentrations of Na
4 . Analytical quality was checked with the ratios of measured conductivity to calculate conductivity and the ratio of sum of cations/sum of anions, with a 20% allowance around the expected value (1). Analytical accuracy was checked with the repeated inclusion of certified samples in analytical runs. Rain chemical concentrations were weighted by the precipitation amount to obtain volume weighted means (VWM). Bulk deposition amounts were calculated as the product of VWM rain concentrations times the amount of precipitation. To associate a weekly rain concentration to daily back trajectories, a daily chemical concentration for the days with precipitation was estimated by proportionally correcting weekly chemical concentrations by the precipitation contribution of the rainy days to the weekly amount. Further details can be found in Izquierdo et al. ( ). 2001 Izquierdo et al. ( , 2004 (for base cations) and 2005 were not included due to fragmentary sampling.
Daily 96-h isosigma back-trajectories at 12:00 UTC and 1500 m a.s.l. were calculated using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) 4.0 dispersion model from the Air Resources Laboratory (ARL, available at http://www.arl.noaa.gov/ready/hysplit4.html, Draxler and Rolph, 2003; Draxler et al., 2009 ) (see for more details). The meteorological input was obtained from the ARL reanalysis database for the early 10-year monitoring period (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) , and from FNL (1998) (1999) (2000) (2001) (2002) (2003) (2004) and GDAS (Global Data Assimilation System) (2005) (2006) (2007) (2008) (2009) ) from the NCEP (National Center for Environmental Prediction) for the most recent period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . Even though the WeMO index corresponds to surface level pressures, a height of 1500 m, corresponding to 850 hPa standard pressure level, was selected for trajectory computation because both levels can be considered comparable for synoptic scale circulation features. Indeed, 850 hPa is the most representative level for transport in the lower troposphere. This layer is typically sensitive to cyclonic-wave features and is the approximate boundary between the surface-wind regime and the free troposphere (Artz et al., 1985) . Moreover, a relationship between the 850 hPa wind direction and the prevailing weather patterns associated with the passage of cyclonic waves is well established (Dayan and Lamb, 2003) .
For the cluster analysis of back-trajectories, the HYS-PLIT cluster module was used. It is based on maximizing the Total Spatial Variance (TSV) between clusters and minimizing the spatial variance (SPVAR) within them (Draxler et al., 2009 ). The final number of clusters is determined by a change in TSV as clusters are iteratively paired. Cluster analysis was applied in two steps. First, it was applied to daily back trajectories, comparing an early (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) and recent (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) period in winter. Then, and based on the fact that similar clusters had a similar frequency of occurrence in the two distinct periods (Figure 3 ), the whole period was analyzed (1984-2009) for winter rainy days (DJFM). In the three exercises (early and recent period, and all data) the same 8 main clusters were consistently obtained: N, NW moderate, NW fast, W fast, W slow, SW, SE, and Regional.
VWM concentrations (in µeq L −1 ) and wet deposition amount (in kg ha −1 year −1 ) were calculated for each cluster. The relationship of VWM concentrations and deposition of rain components to the WeMOi was explored with linear least square regressions. Significance of the correlations was set to p < 0.05.
Results and discussion
The influence of winter WeMO on atmospheric transport routes
Transport patterns for air masses arriving at LC were identified by cluster analysis and 8 main transport routes were found. Figure 3 shows winter frequencies for each cluster. Significant correlations of cluster frequency with winter WeMOi are highlighted. Fast NW (r = 0.67, p < 0.01; Figure 4a ) and W (r = 0.46, p < 0.05) clusters were positively correlated while the SE cluster was negatively correlated with winter WeMOi (r = -0.60, p < 0.01; Figure 4b) . Therefore, the positive WeMO phase, which corresponds to the anticyclone over the Azores enclosing the south-west Iberian quadrant and low-pressures in the Ligurian Sea would trigger fast Atlantic fluxes. The negative phase, which arises from a central European anticyclone located north of the Italian peninsula and a low-pressure centre in the south-west Iberian Peninsula, was consistently correlated with the Mediterranean cluster.
The positive WeMO phase is therefore a major influence on winter air mass fluxes to the NE IP, since the sum of NW+W clusters accounted for 24-34% of daily back trajectories. The negative phase, associated to SE fluxes, accounted for 9-14% of daily back trajectories (Figure 3) . Therefore, both WeMO phases would account for 33-48% of the winter days air fluxes. However, when considering the frequency of rainy days, NW+W provenances had a similar impact in winter (21%) as other provenances not connected to WeMO (e.g. the regional cluster, 23%, Table 1 ), while the SE cluster only accounted for 14% of the rain days.
The influence of winter WeMOi on the amount of precipitation, rain chemistry and deposition fluxes
The total amount of winter precipitation (regardless of provenance) at LC showed a negative significant correlation with winter WeMOi (r = -0.45; p < 0.01; Figure 5 ). This is consistent with other studies on the role of WeMO on precipitation on the eastern Mediterranean side of the Iberian Peninsula (Martín-Vide and López- Bustins, 2006; GonzalezHidalgo et al., 2009) , and adds to their work in confirming that the precipitation variability in winter in this region can be described with this index.
Washout-related ions are strongly depleted from the atmosphere as rain proceeds, thus showing a negative relationship with rain amount (Prado-Fiedler, 1990) . Because the WeMOi is also negatively related to precipitation, a direct relationship between ion concentrations and WeMOi could be envisaged. However, our data showed non-significant relationships between rainfall concentrations for all analyzed ions in the winter period and the WeMOi (Table 2) .
Deposition amounts and WeMOi presented significant correlations for some ions (Na + , K + , Mg 2+ , NO − 3 and Cl − ; both the amount of precipitation and deposition of these ions negatively varied with winter WeMOi (Table 2) . Because negative WeMO fluxes carry air masses from the Mediterranean, for sea-salt related ions (Na + , Cl − , Mg 2+ ) this is an which is emitted mostly from traffic, power generation and industrial activities, this result suggests the presence over the Mediterranean of advection polluted air masses that would carry the emissions from these activities in southern Europe into the Mediterranean coast, and then they would be delivered by Mediterranean rain events. In fact, Millán et al. (1997) have demonstrated that a recirculation process of air masses occurs over the Western Mediterranean that favors the accumulation of atmospheric anthropogenic pollutants across the area. These pollutants are probably incorporated into the rain during negative WeMO phases producing the enhanced deposition observed for NO − 3 during negative WeMOi. However, local emissions may also play a role. Nitrate aerosol levels at Montseny exhibit a strong seasonal variability, with highest concentrations during the colder winter months, especially during the winter anticyclonic episodes (WAE) and are considerably reduced in the summer (Pey et al., 2009 (Pey et al., , 2010 Cusack et al., 2012) . This pattern is related to the thermal instability of the ammonium nitrate (Harrison and Pio, 1983; Querol et al., 2004) . Extremely intense nitrate episodes have been described associated with the transport by mountain breezes of aged air masses from the surrounding industrial/urban areas during WAE in winter (Pérez et al., 2008) . At the end of the WAE, stagnant polluted air masses are replaced by air masses coming from Mediterranean or Atlantic (Pey et al., 2010) . As Mediterranean episodes are related with the occurrence of precipitation (Pérez et al., 2008) , NO − 3 from regional anthropogenic emissions may be incorporated into rainfall and contribute to the correlation with the WeMOi.
Abatement measures have succeeded in reducing SO 2 emissions at a European scale: SO 2 emissions fell by 44% in the EEA-32 countries between 2001 and 2010 (EEA, 2012 ; and SO −2 4 -S deposition in precipitation has declined accordingly in Europe (Fowler et al., 2007) including in the NE IP (Àvila and Rodà, 2012) . The steep declining trend of S emissions implies that in some sites, NO − 3 has replaced SO −2 4 as the major acid pollutant (Fowler et al., 2007) . Also, the reduction of S emissions have modified the formation of nitrate aerosols, since atmospheric ammonia is first used to neutralize sulfate to form ammonium sulfate aerosols and particulate nitrate can only be formed when excess ammonia is available. With declining SO 2 in the atmosphere, nitrate aerosol concentrations have been found to be 25% higher than expected if SO 2 emissions were not reduced (Fagerli and Aas, 2008) , consequently the formation of ammonium nitrate may have contributed to the increase of NO − 3 rain concentration at LC. This reduction of S emissions may explain the lack of correlation of sulfate deposition and the WeMO index (Table 2) .
Conclusions
This study has demonstrated a significant correlation of winter WeMOi with the atmospheric circulation patterns during winter in the last 25 years. The cluster classification of provenances at a site in the NE Iberian Peninsula indicated that fast Atlantic air flows corresponded to positive WeMO indices, while negative WeMOi were associated to Mediterranean circulations in winter. Similar to other works, the amount of precipitation was inversely correlated with WeMOi in winter. Non significant relationships between winter WeMOi and rainfall ion concentrations were observed. For deposition, wet deposition fluxes of marine-derived (Na + , Mg 2+ and Cl − ) and anthropogenic-derived (NO − 3 and K + ) ions were negatively correlated with winter WeMOi. For marine ions, this indicates the incorporation of sea spray into rain as the negative phase of WeMO causes the transport of air masses from the Mediterranean into the Iberian Peninsula. For NO − 3 , this suggests the advection over the Mediterranean of polluted air masses from southern Europe and their incorporation into the rain. Additionally, local anthropogenic emissions associated with winter anticyclonic episodes may also play a role in the increase of NO − 3 rain concentration at LC during the negative WeMO phases.
